Using numerical simulations, a wideband (> 1.5 octave) vane loaded helix traveling-wave tube (TWT) was studied, the output section of which is provided with a 'positively' phase velocity tapered helix portion, in which the helix pitch is made to linearly increase with distance towards the output end for reasonably high efficiency values. As compared to a device with a conventional 'negatively' phase velocity tapered helix portion, which gives an efficiency hike only in a narrow band of frequency, the positively tapered device provided a wideband efficiency improvement. Also, over the band, it provided a higher efficiency and a lower second harmonic content than a device with a nontapered portion. Factors such as the beginning position of the taper from the input and the amount of taper were considered in the optimum design for improving efficiency and reducing the second harmonic content of the device.
Introduction
Considerable attention has been paid in recent years to improving the performance characteristics of helix traveling-wave tubes (TWTs), like bandwidth, for their potential application in electronic warfare (EW) systems. For wideband device performance, one has to control the dispersion characteristics of the helical slow-wave structure (SWS) at a high interaction impedance value by loading the helix anisotropically -providing metal vanes or segments with the metal envelope, or by loading the helix inhomogeneously -providing tapered geometry dielectric supports for the helix [1] [2] [3] [4] [5] [6] [7] [8] . In practice, however, the high-frequency efficiency of a wideband TWT deteriorates due to insufficient interaction impedance and large RF loss. Also, the generation of the second harmonic at the low frequency end of the band, which falls within the amplification frequency range of the wideband device, would degrade the low-frequency efficiency of the device.
Thus, achieving a high-efficiency performance of wideband helix TWTs over a wide range of frequency becomes a relevant problem, particularly when such tubes are used for airborne EW applications. While the problem of efficiency improvement has so far gained importance only for narrow-band space communication TWTs [9] [10] [11] , it appears that not much work has been reported on the problem of efficiency enhancement of wideband TWTs.
In general, the efficiency of linear beam tubes such as TWTs can be enhanced by the multi-stage depressed collection method. 12) Further enhancement of the efficiency of helix TWTs can be achieved by the phase velocity tapering method, which is realized in practice by tapering the helix pitch. In a helix with a uniform pitch, the electron beam loses its kinetic energy to the electromagnetic wave to the extent, near the output end of the helix, that the beam velocity loses its synchronism with the phase velocity that drives the electron bunch from the decelerating phase of the electromagnetic wave, where the electrons deliver their energy to the wave, to the accelerating phase, where the electromagnetic wave gives up its energy to the electron beam. This necessitates the 'resynchronization' of the beam-wave phase, which is usually realized for a narrow-band helix TWT by negative phase velocity tapering or negative helix pitch tapering. In this approach, the interaction length is divided, typically, into a constant helix pitch section at the input end, followed by an increased pitch section that provides an optimum value of Pierce's velocity synchronization parameter b corresponding to a high-density electron bunch, followed by a negatively tapered helix pitch section in which the pitch decreases linearly at the output end (Fig. 1) in the bunch to slow down and the trailing electrons in the bunch to speed up so that the bunch formed in the previous cavity and drift space can be configured more tightly. In contrast to the klystron, the penultimate cavity of the gyroklystron is tuned downward; i.e., the ac current leads the induced voltage by approximately °90 which is related to the inverse energy dependence of the relativistic cyclotron frequency. As the electron kinetic energy decreases, the electron cyclotron frequency increases, and the electron advances in phase in the electron cyclotron orbit 13) .
The method of negative pitch tapering, although suitable for a narrow-band TWT, cannot be used for a wideband tube, since when the tapering is optimized at the center frequency of the band, at high frequencies within the band, the value b would increase beyond the amplification range of the tube 14) . This leads one to examine the possibility of an alternative scheme for enhancing the efficiency of a wideband TWT  positive phase velocity tapering or positive helix pitch tapering  in which the interaction length is divided into two portions, one with a constant pitch corresponding to a large value of b over a substantial length portion, followed by a small length portion in which the helix pitch increases linearly (Fig. 1) .
In this paper, a simple one-dimensional (1D) Lagrangian nonlinear theory of TWTs [15] [16] [17] [18] is used to study the potential of the positive phase velocity tapering scheme with respect to enhancing Fig. 1 the efficiency of a typical wideband TWT of known beam and helix structure parameters, operating over more than an octave range of frequency. The in-house 1D nonlinear code uses the well-known disk model with 32 disks per wavelength. The dispersion and interaction impedance characteristics of the helical SWS are needed in order to be able to specify the parameters of the structure in the absence of the electron beam at both the signal frequency and its second harmonic. In addition, the beam voltage, current and diameter, the position and profile of the attenuator, the sever position, and the RF input power drive must also be specified. The radial variation of the circuit electric field is taken into account to the extent that the ac electric field squared is averaged over the beam cross section in the estimate of the interaction impedance. It will be of interest to show the superiority, if any, of the positive tapering scheme over the scheme of no tapering or that of negative tapering, with respect to enhanced device efficiency over the entire bandwidth and the reduced second harmonic level at the low-frequency end of the band. It is also worth predicting an optimum design of the helix pitch profile with respect to the beginning position of the taper and the amount of taper, for the wideband efficiency enhancement and low-frequency second harmonic content reduction of the device.
Role of Phase Velocity Tapering vis-à-vis Beam Dynamics,

Beam-Wave Interaction Phase and Harmonic Interaction
We consider a wideband helix TWT that uses a helical SWS consisting of a helix supported by rectangular dielectric supports in a vane/ segment loaded metal envelope [ Fig. 2(a) ].
The structure parameters are so chosen as to give slightly negative dispersion at relatively high interaction impedance values, which is necessary for the wideband gain-frequency response of the device.
1) The dispersion and interaction impedance characteristics for the specified structure For the typical beam parameters chosen, the variations of Pierce's small-signal gain Fig. 4(b) ], the device efficiency degrades. This is attributed to the high level of the second harmonic generated at lower frequencies, because the second harmonic falls within the amplification frequency range of the device. One could easily appreciate this by letting the value of the interaction impedance at the second harmonic frequency be equal to zero, for a typical low value of the fundamental frequency considered, and calculating the device efficiency at the fundamental to find that its value would increase sharply [ Fig. 4(a) ].
It is of interest to study the effect of helix pitch tapering on the efficiency over the wide frequency band of the device under study. We compare the efficiencies of the devices with both negative and positive helix pitch (phase velocity) tapering. The former corresponds to the pitch decreasing and the latter to the pitch increasing with axial distance towards the output end. In the optimized at a frequency of 9 GHz (Fig. 5) . It was also found that there would be negligible improvement in efficiency if the profile were optimized at other frequencies.
Since the negative helix pitch tapering has failed to provide efficiency enhancement over a wide range of frequency [ Fig. 5(b) ], it is of interest to determine whether the scheme of positive helix pitch tapering could alternatively fulfill this purpose. Typically, the positive taper profile comprises a section of 0.61 mm constant pitch, followed by another section in which the helix pitch increases linearly with an axial distance from 0.61 mm to 0.69 mm [ Fig. 5(a) ]. As expected, this scheme of positive pitch tapering does not lead to a narrow-band hike in efficiency, unlike the scheme of negative pitch tapering (Fig. 5) . However, such positive pitch tapering flattens the efficiency versus frequency characteristics [ Fig. 5(b) ]. This is due to the improvement in the efficiency of the device with positive tapering at higher frequencies over that with no tapering or negative tapering [ Fig. 5(b) ]. Such an improvement is understandable from the beam dynamics which shows the relationship between the electron bunch and phase for a typical high value of the operating frequency (Fig. 6 ).
It is of interest to examine the plot of the phase of an electron relative to that of the ac electric field against distance along the interaction length of the device, considering the structures with both nontapered [ Fig. 6(a) ] and positively tapered [ Fig. 6(b) ] helix pitch. The phase scale on the ordinate in this plot (Fig. 6) identifies the accelerating and decelerating phases for the electrons at an interval of π .
In the device with no helix pitch tapering, which is characterized by a large value of velocity synchronization parameter b, a strong electron bunch forms in the decelerating phase at a point on the interaction length below the point of saturation [ Fig. 6(a) ]. In the vicinity of the point of saturation of electromagnetic power, slow electrons are trapped in the decelerating electric field, and fast electrons moving past this field reach the accelerating electric field. At the point of saturation on the interaction length, the electrons disintegrate distinctly into two bunches, such that a substantial number of electrons from these bunches move into the accelerating phase [ Fig. 6(a) ].
However, with positive helix pitch tapering, at this point on the interaction length, the electrons from both bunches move into the decelerating phase, causing efficiency enhancement at this point, and shifting the point of saturation forward along the interaction length [ Fig. 6(b) ].
At this juncture, it will also be of interest to correlate the efficiency with the phase of the ac electric field relative to that of the ac beam current of the device. For this purpose, let us consider the following simple circuit equation for the spatial growth rate of the ac electric field, which is valid for small values of Pierce's gain parameter C 16-18) :
where F and I represent the normalized ac field and beam current, respectively, and θ the normalized axial distance, with b being Pierce's velocity synchronization parameter. The subscripts 1 and 2 respectively refer to the fundamental and second harmonic components of the relevant quantities. In terms of the amplitude and phase, one may choose to express the normalized ac field and beam current respectively as ), exp( ) exp( corresponding to the positive growth rate (Fig. 7) . Also, beyond this point on the interaction length, 1 φ ∆ falls outside this range, which marks the termination of the amplification mechanism, which can be associated with the disintegration of electron bunch and the onset of the saturation of the device efficiency (Fig. 7) . Clearly, this point on the interaction length occurs at a larger axial distance, resulting in an enhancement of saturated efficiency, for a positively tapered device than for a device with no helix pitch tapering (Fig. 7) .
Unlike at the high frequency end of the band, the second harmonic generation at the low frequency end appears to be a more dominant factor than the lack of synchronization (owing to low values of b) or the value of interaction impedance in terms of limiting the device efficiency. This gives importance to the study, at lower frequencies, of the correlation between φ ∆ and device efficiency for both the fundamental and second harmonic components, and the effects of positive helix pitch tapering thereon (Fig. 8) . For a device with a nontapered helix pitch structure, both Fig. 8(b) ]. This consequently results in a further reduced second harmonic efficiency relative to the fundamental for a positively tapered helix pitch structure compared to that for a nontapered helix structure at the point of saturation (Fig. 8) . The weakened second harmonic field near the saturation point has a reduced effect on the deviation of 1 φ ∆ . As a result, the fundamental components of efficiency increase almost identically with axial distance in both the non-tapered and positively tapered helix pitch structures (Fig. 8 ).
Thus this study has clearly established the advantage of positive helix pitch tapering at both the low-and high-frequency ends of a wideband TWT. At the high-frequency end of the band, the positive tapering pushes the disintegrated electron bunches into the decelerating field (Fig. 6) and brings about an appropriate phase relationship between the electric field and the beam current (Fig. 7) , so as to improve the device efficiency [ Figs. 5(b) and 7] . On the other hand, at the lowfrequency end of the band, this phase relationship is destroyed at the second harmonic frequency, resulting in a reduced second harmonic and an efficiency at the fundamental, which is at least comparable with that of a nontapered helix structure [Figs. 5(b) and 8].
Optimum Design of Wideband TWT with Positive Phase Velocity Tapering
In the previous section, the scheme of positive helix pitch tapering was established, with the help of the 1D nonlinear simulation code, as an effective scheme for obtaining a flat efficiency versus frequency response over a wide bandwidth with a reduced second harmonic content relative to the fundamental at the low-frequency end of the band, for a wideband TWT. In this section, we search for the optimum design of the positive helix pitch taper required for this purpose. The relevant parameters are the beginning position of the taper in the interaction length and the value of the pitch at the end of the taper, the beginning pitch value being the same as that in the nontapered section. Obviously, these two parameters together also indicate the slope of the taper with distance.
In fact, one has to arrive at the optimum taper design in order to make both ends meet, with respect to the efficiency and second harmonic content at the low-frequency end and the efficiency at the high-frequency end of the band (Fig. 9) .
In order to obtain high efficiency values at both the low-frequency [ Fig. 9(a) (Fig. 9 ) of the band. With the optimum amount of positive helix pitch tapering thus obtained (Fig. 9) , it is found that, at the cost of saturated gain to some extent, positive tapering of the helix pitch yields a higher efficiency and a lower second harmonic content over the entire band of frequency than no such tapering of the helix pitch (Fig. 10 ).
Conclusions
In this paper, using a 1D nonlinear code, the effects of helix pitch tapering on the performance of a vane-loaded helix TWT have been studied over a wide band of frequency. It has been demonstrated that, while conventional negative phase velocity tapering can boost the 11 efficiency over only a narrow band of frequency, for a wide band of frequency of more than an octave, positive phase velocity tapering proves to be an effective means of obtaining reasonably high efficiency and low second harmonic content of a wideband TWT. The positive tapering scheme also has the potential of providing a coupling between the fast space charge wave on the electron beam and a circuit wave on the slow-wave structure, a concept that can be used to suppress backward wave oscillation at the π-mode frequency  however, this is a subject that falls outside the scope of the present study. 
